In this study, numerical simulations for the prediction of added resistance for KVLCC2 with varying wave steepness are performed using a Computational Fluid Dynamics (CFD) method and a 3-D linear potential method, and then the non-linearities of added resistance and ship motions are investigated in regular short and long waves. Firstly, grid convergence tests in short and long waves are carried out to establish an optimal mesh system for CFD simulations. Secondly, numerical simulations are performed to predict ship added resistance and vertical motion responses in short and long waves and the results are verified using the available experimental data. Finally, the non-linearities of added resistance and ship motions with unsteady wave patterns in the time domain are investigated with the increase in wave steepness in both short and long waves. The present systematic study demonstrates that the numerical results have a reasonable agreement with the experimental data and emphasizes the non-linearity in the prediction of the added resistance and the ship motions with the increasing wave steepness in short and long waves.
Introduction
Shipping is the most energy efficient mode of transport and there are many opportunities for an improvement in the energy efficiency and in the associated emissions. Therefore more than ever, advanced ship technologies for the reduction of the ship emissions and maximisation of the energy efficiency are required and sought across the shipping industry. Regarding the ship resistance and propulsion efficiencies, traditionally only the calm water performance is considered at the ship design stage even though recently there have been studies in the optimization of a hull form for a specific range of draught and speed ranges considering the operational profile (Kim and Park, 2015) . However, when a ship advances in a seaway, she requires additional power in comparison with the power required in calm water due to weather effects and ship operating conditions. This degradation of the ship performance in a seaway is accounted for by the application of a "Sea Margin" onto the total required engine power. The added resistance due to waves is one of the major components affecting ship performance in a seaway. Therefore, accurate prediction of the added resistance in waves is essential to evaluate the additional power, to assess environmental impact and to design ships with high fuel efficiency in actual operating conditions with other operation measures, such as voyage planning and weather routing. Also, the correct estimation and understanding of the ship motions are crucial to ensure safe navigation of ships.
Recently there are a number of important developments regarding the environmental regulations driven by the historic Paris Agreement (U.N, 2015) in the climate change and by the International Maritime Organization (IMO). Marine Environment Protection Committee (MEPC) of IMO issued new regulations to improve the energy efficiency level of ships and to reduce carbon emissions. These regulations include the Energy Efficiency Design Index (EEDI) for new ships as a mandatory technical measure and the Ship Energy Efficiency Management Plan (SEEMP) for ships in service to manage ship and fleet efficiency using the Energy Efficiency Operational Indicator (EEOI) as a monitoring tool. Recently, the ship speed reduction coefficient (fw) has been proposed and is under discussion for the calculation of EEDI in representative sea states (IMO, 2012; ITTC, 2014) .
The added resistance in waves can be broken down into three components: the wave radiation originated by the ship motions, the phase shift between the wave excitation and the ship motions, and the diffraction of incident waves by the ship hull. Especially added resistance in short waves is one of the predominant factors for a large ship's performance because most of the time ships travel in relatively short wave length conditions under low sea states hence the added resistance in short waves preserves its importance which means a reliable prediction of the added resistance in short waves is crucial for the accurate estimation of a ship's performance in waves.
In experimental studies, the accurate estimation of the added resistance in short waves is a challenging problem due to the sensitivity of the experimental setup to measure very small quantities and the uncertainties in the measured data (Liu and Papanikolaou, 2016) . In numerical simulations, the accurate estimation of the added resistance is difficult in short waves because very dense grids or small size panels are needed to simulate wave patterns accurately while the non-linear hydrodynamic effects are intensified in short waves due to the dominant diffraction component primarily generated near the ship bow. Ley et al. (2014) indicated that viscous effects play an important role in the prediction of the added resistance in short waves. In potential flow methods, added resistance is estimated using the far-field method and the near-field method. The estimation of added resistance using the far-field method was first introduced by Mauro (1960) using the Kochin function which consists of radiating and diffracting wave components. Later on, the far-field method based on the radiated energy approach was proposed by Gerritsma and Beukelman (1972) for added resistance in head seas and has become popular in strip theory programs due to its easy implementation. Recently Liu et al. (2011) solved the added resistance problem using the hybrid Rankine Source-Green function method considering the asymptotic and empirical methods which improved the results in short waves. The near-field method was first introduced by Havelock (1937) and was enhanced by Faltinsen et al. (1980) based on the direct pressure integration approach. Salvesen et al. (1970) introduced a simplified asymptotic method based on 2-D strip theory to overcome the deficiency of this approach in short waves. and Joncquez (2009) formulated the added resistance based on the Rankine panel method using a time-domain approach with B-spline functions. Seo et al. (2013) predicted the added resistance of KCS and KVLCC2 based on the time-domain Rankine panel method using in weakly-nonlinear and weak-scatterer approaches combining three types of Ax-bow shape. Park et al. (2016) predicted the added resistance of KVLCC2 at different drafts using the frequency-domain strip method and time-domain Rankine panel method. Although recently nonlinear analytical techniques are applied to show nonlinearity in motion and added resistance estimations, in the current study, only linear potential method is used to show the superiority of the CFD for the added resistance estimations compared to potential methods.
As computational facilities have become more powerful and more accessible, CFD tools are now increasingly applied used to predict added resistance and ship motions especially to account for their nonlinearities. Deng et al. (2010 ), El Moctar et al. (2010 and Sadat-Hosseini et al. (2010) predicted the added resistance of KVLCC2 in head waves using CFD tools as presented at the Gothenburg (2010) , SIMMAN (2014) and SHOPERA (2016) Workshops. Guo et al. (2012) investigated the added resistance, ship motions and wake flow of KVLCC2 in head waves with systematic validation and verification of the numerical computation and Sadat- Hosseini et al. (2013) predicted the added resistance and motions for KVLCC2 using the in-house code CFDSHIP-IOWA which is based on a (Unsteady Reynolds-Averaged NaviereStokes) URANS approach. In addition to the studies on the prediction of added resistance and ship motions in waves, there have been subsequent investigations on how to reduce the added resistance by modifying the hull form. Park et al. (2014) and modified the fore body of KVLCC2 to reduce the added resistance in waves and Kim et al. (2014) modified the bulbous bow of a containership to optimize the hull form for both operating conditions in calm water and waves.
In the semi-empirical methods as for a practical approach, Fujii and Takahashi (1975) derived a semi-empirical formula to correct the prediction of the added resistance in short waves by adopting complementary coefficients to drift force formulas and Faltinsen et al. (1980) introduced a simplified asymptotic method to complement the deficiency of this approach in short waves taking into account the interaction of diffraction waves. Recently Liu et al. (2015) proposed a semi-empirical formula in combination with the far-field method to predict the added resistance in short waves. There have also been investigations concerning the increase in the required power and the ship speed loss due to waves. Kwon (2008) predicted the ship speed loss using semi-empirical model considering the wind, motions, and diffraction resistance while Prpi c-Or si c and Faltinsen (2012) investigated the ship speed loss and CO2 emissions considering the added resistance due to waves and the propeller performance in actual sea, and Kim et al. (2017a) presented a reliable methodology to estimate the added resistance and the ship speed loss of a containership due to wind and waves in random seas.
In the present study, added resistance of KVLCC2 with the increasing wave steepness in regular head seas have been studied numerically using URANS method in CFD and using the 3-D linear potential method. The numerical simulations including grid convergence tests for CFD and the 3-D linear potential methods are performed to predict the ship added resistance and vertical motion responses (heave and pitch) in regular waves and results are used for validation with the available experimental data. The added resistance force components in both short and long wave conditions are calculated using 3-D linear potential method to investigate the significance of each component in different wave conditions. Also, time history results of total resistance and ship vertical motions with unsteady wave patterns are simulated and analysed using the CFD method in both short and long wave conditions to investigate the effects of wave radiation and diffraction and nonlinear characteristics such as the water on deck. Finally, the relationship between the added resistance and the ship vertical motions and their nonlinearities are investigated with varying wave steepness for short and long waves.
Ship particulars and coordinate system
All calculations of the added resistance and ship motions have been performed for KVLCC2, which represents the second variant of the VLCC-type vessel developed by the Korea Research Institute of Ships and Ocean Engineering (KRISO) which is one of benchmark hull forms used to study seakeeping problems by researchers. The main particulars of the KVLCC2 are given in full scale in Table 1 . For CFD simulations, a model scale vessel without appendages using a scale ratio of 1/80 is employed in the calculations.
In the numerical simulations, a right-handed coordinate system x, y, z is adopted. The translational displacements in the x, y and z directions are x 1 (surge), x 2 (sway) and x 3 (heave), and the angular displacements of rotational motion about the x, y and z axes are x 4 (roll), x 5 (pitch) and x 6 (yaw) respectively and q angle represents the ship's heading angle with respect to the incident waves. For head seas the angle q equals 180 and for beam seas from the port side the angle equals 90 .
Numerical methods and modelling
In the present study, the 3-D linear potential flow and CFD methods are applied to predict the added resistance and the vertical ship motions in regular head waves.
3-D linear potential method
3-D potential flow calculations are carried out using PRECAL (PREssure CALculation) software developed by Maritime Research Institute Netherlands (MARIN) ( Van't Veer, 2009 ). PRECAL software is based on the planar panel approach which can calculate the seakeeping behaviour of monohull, catamaran and trimaran ships. In addition to the rigid body motions, it can also calculate the deformation modes of a ship's hull girder, internal loads, pressure on the hull and added resistance in waves. The prediction of the forward speed effects is the main shortcoming in the solution of Green's functions due to the complex numerical integration process on the waterline sections. Numerical methods need to be implemented to solve Boundary Value Problem (BVP) in the presence of forward speed and the Green's functions need to be satisfied both for the Free-Surface Boundary Condition (FSBC) and the Body Boundary Condition (BBC). PRECAL is a 3-D source-sink frequency domain code capable of solving the forward speed linear BVP using the Approximate Forward Speed (AFS) and the Exact Forward Speed (EFS) methods. In the AFS method the BVP is solved using zero-speed Green's functions and then forward speed corrections are applied to the BVP equations. It is possible to use the Lid panel method (Lee and Sclavounos, 1989) where waterplane area (Lid) panels are used to suppress the occurrence of the irregular frequencies in the BVP solutions. In the EFS method, exact forward speed Green's functions are used to solve the forward speed BVP, but in PRECAL software Lid panel method can only be applied to the AFS formulation. In this study, forward speed ship motions are solved using the AFS formulation due to its fast and accurate results (Hizir, 2015) . In the AFS formulation the BVP is solved using zerospeed Green's functions and the forward speed influence is accounted for the forward speed correction terms appearing in the hydrodynamic pressure, FSBC, BBC equations ( Van't Veer, 2009 ). The added resistance is calculated using the near-field method based on direct pressure integration over the mean wetted hull surface, using the second-order forces to calculate wave drift forces while the first-order forces and moments are calculated to solve the ship motions. The total pressure is divided into four components which originate from the relative water height, incident wave velocities, the pressure gradient and the rotation times inertial terms. The added resistance force due to waves (DR wave ) is calculated in the time domain as shown in Eq. (1) DR wave ¼ 2 6 6 6 6 6 6 6 6 6 6 6 6 6 4
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( 1) where the first integral is the water velocity contribution, the second integral is the pressure gradient contribution, the third integral is the relative wave height contribution and the last term is the rotation times inertia contribution. The indices stand for the order of the forces in the force contribution formulations. DR wave ¼ 2 6 6 6 6 6 6 6 6 6 6 6 6 4 
In order to evaluate the added resistance forces, all components in the integrals are defined in perturbation series. A small parameter (ε) is introduced to define the quantities in the perturbation series. The perturbation series expansion of the relative wave height and the velocity potential can be formulated as shown in Eqs. (3) and (4):
where superscripts (0), (1) and (2) denote steady zeroth order, first order and second order quantities. The zeroth order quantities are time independent and are assumed to be small to satisfy the linearized free-surface condition. For the same reason, time dependent parts of the series are also assumed to be small. Prior to the evaluation of the added resistance, the BVP needs to be solved and the unsteady velocity potential f needs to be calculated. In added resistance calculations, only the mean values of the forces and moments are of interest. First-order quantities such as motions, velocities, accelerations etc. have a mean value of zero when the wave is given by an oscillatory function with a mean value of zero. However, second-order quantities such as added resistance have a non-zero mean value therefore in order to calculate the added resistance, second-order forces and moments need to be calculated. In the present study, in the calculation of added resistance, only the constant part (mean value) of the added resistance is taken into account while the slowly oscillating part of the added resistance is trivial.
Computational Fluid Dynamics (CFD)
An URANS approach was applied to calculate the added resistance and ship motions in regular waves using the commercial CFD software STAR-CCMþ. For incompressible flows, if there are no external forces, the averaged continuity and momentum equations are given in tensor form in the cartesian coordinate system by Eq. (5) and (6)
where u i is the averaged velocity vector of flow, u
is the Reynolds stresses and p is the mean pressure. For Newtonian fluid under incompressible flow, the mean shear stress tensor, t ij , is expressed as Eq. (7) t ij ¼ m
where m is dynamic viscosity.
The Finite Volume Method (FVM) and the Volume of Fluid (VOF) method were applied to the spatial discretization and free surface capturing respectively. The flow equations were solved in a segregated manner using a predictor-corrector approach. Convection and diffusion terms in the RANS equations were discretised by a second-order upwind scheme and a central difference scheme. The semi-implicit method for pressure-linked equations (SIMPLE) algorithm was used to resolve the pressureevelocity coupling and a standard k À ε model was applied as the turbulence model. In order to consider ship motions, a Dynamic Fluid Body Interaction (DFBI) scheme was applied with the vessel free to move in heave and pitch directions as vertical motions.
Only half of the ship's hull (the port side) with a scale ratio of 1/ 80 and control volume were taken into account in the calculations, thus a symmetry plane formed the centreline domain face in order to reduce computational time and complexity. The calculation domain is -3L < x < l, 0 < y < 2L, -2L < z < 1L where the mid-plane of the ship is located at y ¼ 0, ship draught (T) is at z ¼ 0 and l is the wave length assumed to be l ¼ gT 2 =2p for deep water. The boundary conditions together with the generated meshes are depicted in Fig. 1 . Artificial wave damping was applied to avoid the undesirable effect of the reflected waves from the side and outlet boundaries. As shown in Fig. 1 , near the free surface and around the hull local mesh refinements were applied to resolve the wavepattern and the incident wave field.
Discussion of results
The simulation results using CFD and 3-D potential methods are presented and compared with available experimental added resistance and ship motions data in regular head waves. Unsteady wave patterns and time history results of the resistance and ship motions in waves are simulated using a CFD method. Only two degrees of freedom motions, which are heave and pitch responses, are calculated during all simulations. All simulations are carried out at the design ship speed of 15.5 knots, which corresponds to a Froude Number (Fn) of 0.142 and a Reynolds Number (Rn) of 3.82Eþ6 for CFD.
Grid convergence test
Prior to the investigation of the added resistance and the heave and pitch motions using the CFD tool, grid convergence tests were performed to capture the accurate wave length and height on the free surface for not only long wave (l/L ¼ 1.2), but also for short (l/ L ¼ 0.5) wave conditions because in short waves when coarse mesh is used the added resistance might be underestimated. Ley et al. (2014) and Seo et al. (2014) indicated that the added resistance of KVLCC2 is quite sensitive to the grid spacing near the bow region. The wave steepness (H/l) is taken as 1/60 and long wave condition corresponds to a resonant case (Sadat-Hosseini et al. (2013) . The coarse and fine mesh systems are derived by reducing and increasing cell numbers per wave length and cell height on free surface respectively using a factor of ffiffiffi 2 p (Bøckmann et al., 2014) based on the base mesh case (Case no. C11 and C14 for short and long wave conditions in Table 2 ). The simulation time step is set to be proportional to the grid size as shown in Table 2 where Te represents the corresponding encountering period.
The results of the convergence tests with three different mesh systems in short and long waves are shown in Fig. 2 where r, g and A denote the density, gravitational acceleration, and the wave amplitude parameters respectively. As the number of cells increased, the added resistance coefficient increased, especially from the coarse mesh to base mesh system for short wave case. The test results of the added resistance for the base and fine mesh show a monotonic convergence with the convergence ratio (R G ) of 0.462 and 0.478 in short and long waves respectively (Stern et al., 2006) , which indicates that the effects of the grid change are accepted to be small between base and fine mesh system (Tezdogan et al., 2015) . The grid uncertainty analysis using grid triplets G1, G2 and G3 with a uniform parameter ratio (r G ) chosen to be ffiffiffi 2 p for the free surface refinement, which shows the grid uncertainty (U G ) for the base mesh with 3.337%S 2 and 3.759%S 2 in short (Case no. C11) and long (Case no. C14) waves respectively based on the Grid Convergence Index (GCI) method, where S 1 , S 2 and S 3 are corresponding to the solutions with fine, base and coarse meshes. Additionally the time-step convergence study was conducted and shows that the time-step uncertainty (U T ) results for the base mesh are 0.794%S 2 and 0.872%S 2 in short and long waves respectively based on GCI method. In both grid and time-step convergence study, reasonable small levels of uncertainty were estimated. For more detailed information on the calculation of the uncertainty analysis, reference can be made to Stern et al. (2006) . Therefore, the base mesh system was chosen for the CFD simulations in this study for both short and long wave cases and the cell number and time step vary according to the wave conditions in the simulations. Fig. 2 also demonstrates that in short waves higher number of cells are needed to satisfy the convergence hence simulations in short waves are computationally more expensive relatively to the simulations in long waves. Prior to the 3-D potential flow method calculations, added resistance convergence tests are performed to capture minimum required panel number which converges the added resistance of KVLCC2. In all simulations, panel numbers represent the half of the discretised ship's hull under the still water level. In the added resistance convergence tests, vessel's hull is discretised by a coarse, base and fine mesh variations. The coarse and fine mesh systems are derived by reducing and increasing the total panel numbers on the vessel's surface under still water level using a factor of 2 based on the base mesh which is modelled using 1760 quadratic and triangular panels. In all mesh variations minimum 8 panels per wave length as the maximum length of each panel are used for the highest encounter frequency. The results of the added resistance convergence tests with the varying total panel number are shown in Table 3 and Fig. 3 .
Likewise the CFD grid convergence results, it can be seen from Fig. 3 when the number of panels are increased, the added resistance coefficient are increased, especially from the coarse mesh to base mesh system for short wave case. Also uncertainty analysis for mean added resistance results obtained from potential method was carried out, which shows oscillatory convergence with the convergence ratio (R G ) of À0.168 and À0.765 in short and long waves respectively, and the grid uncertainty (U G ) for the base mesh with 3.313%S 2 and 5.615%S 2 in short and long waves based on the GCI method. Therefore, in the following 3-D flow method calculations the base mesh system is used.
The average added resistance due to waves (R AW ) is obtained by Eq. (8)
where R w and R c are total resistance in waves and resistance in calm water respectively. Fig. 4 shows the results of the time history of the ship total resistance in short and long waves which are oscillating periodically with corresponding encounter periods (i.e. Te ¼ 0.7525 and 1.3227 s for short and long waves respectively) as shown in Table 4 .
Added resistance and ship motions
Following the CFD grid convergence tests, numerical calculations using the 3-D potential and CFD methods at the ship speed of 15.5 knots were carried out in both calm water and wave conditions for various wave lengths for constant wave steepness (H/l) ratio of 1/60. The test cases are summarised in Table 4 .
Prior to the investigation on the added resistance, Response Amplitude Operators (RAOs) of heave and pitch motions are compared with the experimental data in regular head waves from Osaka University (Larsson et al., 2010) and Lee et al. (2013) as shown in Fig. 5 . It is a well-known fact that the added resistance is proportional to the relative motions, hence heave and pitch motions, and inaccuracies in the predicted motion responses may amplify the errors in the added resistance calculations. In this study, x 3 and x 5 are the amplitudes of heave and pitch motion responses respectively whereas k ¼ 2p⁄l is the wave number in deep water. The motion responses are evaluated at the ship's centre of gravity. The zeroth and first order terms of the resistance and motion responses calculated by CFD are used for the added resistance coefficient and motion transfer functions (Shen and Wan, For the pitch motions, the results obtained from both methods show good agreement with the experimental data. The overestimation of the results obtained from the 3-D potential method for the heave motions can be attributed to the AFS formulation, in which the BVP is solved using zero speed Green's functions and then forward speed corrections are applied to the boundary conditions, and also to Neumann-Kelvin (NK) approximation where the steady wave and unsteady wave interactions are linearized. Kim and Shin (2007) presented a study about the steady and unsteady flow interaction effects on advancing ships and showed that in heave and pitch responses the NK approach overestimates the heave and pitch responses compared to the experimental results. The underestimation of the results obtained from the CFD method is likely to stem from the adoption of a non-inertial reference frame in which large amplitude motion causes inaccurate capturing of the free surface.
The numerical results of the added resistance are compared with the available experiment data (Lee et al., 2013; Sadat-Hosseini et al., 2013) as presented in Fig. 6 , which indicates that the CFD and 3-D panel methods both have reasonable agreement with the experimental data. At l/L ¼ 0.3 in short waves, 3-D potential method underestimates the added resistance compared to the experimental and the CFD results. This is due to the panel size around the bow region where the longest side of panels needs to be smaller than 1/7 of the corresponding wave length. It is observed that experimental results from Lee et al. (2013) show the difference of the added resistance for wave steepness between H/L ¼ 0.010 and H/L ¼ 0.015 especially in long waves (1.0<l/L < 1.2), which will be discussed later in this paper. The time histories of total resistance force and non-dimensional heave and pitch motions for short (l/L ¼ 0.5) and long (l/L ¼ 1.2) waves are displayed over an encounter period as shown in Fig. 7 . The largest resistance force in waves is observed around t/Te ¼ 0.5. Fig. 7 shows that in long waves the added resistance is dominantly affected by wave radiation due to the ship motions, while in short waves the added resistance is dominantly affected by the diffraction of incident waves primarily due to the ship bow hull as presented in Fig. 8(b) whereas the ship motions are almost negligible. Despite the oscillation amplitudes of the vertical ship motions are almost zero in short waves as shown in Fig. 7(b) and (c) and there is no significant phenomena of green water on deck as presented in Fig. 8(c) and (d) , the amplitude of the total resistance in time domain is seen to be relatively high compared to those in long waves due to the wave diffraction near the ship bow. In the current study, 1st order motion and added resistance response signals appears as prominent compared to 2nd order responses, especially in the case of l/L ¼ 0.5. This can be explained as the lack of geometrical nonlinearity of tanker hulls which have long vertical walls and this results in small non-linearity in vessel motion responses and hence in relative motions and the added resistance of the tankers. As it can be observed from Fig. 7 , even though the wave slope is constant, the total resistance of the tanker is sinusoidal for the case of l/L ¼ 0.5. The 2nd order responses can be observed in the l/ L ¼ 1.2 case, which is mainly due to the augmented motion responses around the peak period.
Similarly to Fig. 7 , the ship motions and wave patterns in short and long wave conditions are captured and visualized in Fig. 8 at t/ Te ¼ 0.0 and t/Te ¼ 0.5 when the ship has the smallest and largest resistance value respectively. Fig. 8(a) illustrates that in long waves the bow is completely immersed with green water on deck mostly due to heave motion, while the pitch amplitude is almost zero as shown in Fig. 7(c) . It is observed that in Fig. 8(a) and (b) for long wave conditions there are significant differences in wave patterns such as bow immersion and ship motions show especially heave motion as shown Fig. 7(b) . On the other hand, in Fig. 8(c) and (d) for short wave simulations there is no significant difference except diffracted waves mainly generated near the ship bow and wave elevations, which indicates that the diffraction wave near the bow region is the predominant component of the added resistance whereas the oscillation amplitudes of the vertical ship motions are almost negligible compared to those in long waves as shown in Fig. 7(b) and (c) and presented in Fig. 8(c) and (d) . Moreover, the influence of the pressure components in Eq. (2) to the total added resistance is investigated using 3-D potential flow method at the vessel design speed for the l/L ¼ 0.5 and 1.2 conditions. The results influence of the pressure components to the added resistance is summarised in Table 5 .
It can be observed in Table 5 that the maximum contribution to the added resistance is from the relative wave height component in Eq. (2) for both at l/L ¼ 0.5 and 1.2 conditions. Furthermore, the relative wave height and the water velocity terms of the added resistance forces for the short wave simulation is observed to be quarter and half of the estimated long wave simulation results respectively. In short wave simulations, the pressure gradient and rotation times inertia terms are small compared to the long wave simulations. Blok (1993) investigated the sign convention and the contribution of the added resistance components in numerical calculations. The author observed that the added resistance forces are mainly applied at the bow section. The relative wave height term has the largest contribution and invariably it has a negative sign, hence it increases the added resistance force. The water velocity term represents the kinetic term in the Bernoulli equation which brings about a suction force at the bow higher than the stern due to larger water velocity disturbances at the bow than at the stern. The rotation times inertia term can be positive or negative and when in phase they contribute to a suction force which is larger at the bow than at the stern. The pressure gradient depends on the coupling between the heave and pitch motions. At the pitch resonance, when the bow is in submerged position, the position of the centre of gravity is being accelerated upward which produces an upward fluid force component contributes in the propulsive force.
Added resistance and ship motions with varying wave steepness
The relationship between the added resistance and the ship vertical motions for the wave steepness (H/l) are investigated for short (l/L ¼ 0.5) and long (l/L ¼ 1.2) wave conditions at the ship speed of 15.5knots as summarised in Table 6 . Fig. 9 presents the results of the first order harmonic amplitudes of the vertical ship motions in long waves with varying wave steepness obtained from the CFD analysis, and the comparison of these results with those obtained from the 3-D panel code. It was indicated by Kim et al. (2017b) that the vertical motions calculated using CFD, especially the non-dimensional heave motions, decrease non-linearly with the increase in wave steepness (H/l).
In Fig. 10 the results of the added resistance obtained from the CFD are compared with the 3-D potential results. Fig. 10(a) indicates that the increase in the added resistance is related quadratically to the increase in the wave height. The 3-D potential results are almost identical to the quadratic interpolation curve, while CFD results have lower values than the quadratic curve as the wave steepness increases due to the increase of the non-linearity. The added resistance coefficient is presented in Fig. 10(b) which shows the non-linear behaviour of added resistance with the increasing wave steepness. It is also observed in Fig. 10(b) that the added resistance coefficient in long waves is decreasing with the increase in wave steepness, which could explain the decrease of added resistance coefficient for experimental results from Lee et al. (2013) in long waves (1.0<l/L < 1.2) as shown in Fig. 6 .
On the other hand, in short waves, the first order harmonic amplitudes of the non-dimensional heave and pitch motions with varying wave steepness obtained from both the CFD and the 3-D potential flow methods stayed almost constant with the increase in wave steepness as shown in Fig. 11(a) and Fig. 11(b) . Fig. 12(a) shows that the magnitudes of the added resistance in short waves are much smaller than those in long waves as shown in Fig. 10(a) , which indicates that the added resistance in short waves is difficult to predict experimentally and numerically . Fig. 12(b) presents that the added resistance coefficient in short waves is decreasing with the increase in the wave steepness. The order of the decrement of the added resistance coefficient with the increase in the wave steepness is smaller in the short waves compared to the long waves. In numbers, the decrement ratio of the added resistance coefficient for wave steepness (H/l) can be given as for the short waves around 16% whilst the decrement ratio for the long waves is around 67% from the lowest to the highest wave steepness in short and long wave conditions.
Conclusions
The added resistance and the vertical ship motions (heave and pitch) of KVLCC2 in regular short and long waves were simulated using the URANS CFD and the 3-D potential flow methods for a wide range of wave conditions at the ship speed of 15.5 knots. The time histories of the total resistance and the ship motions in waves were obtained using the CFD method taking into account the unsteady wave patterns and non-linear effects such as water on deck. The resistance force and the ship motions were investigated with varying wave steepness in short and long wave conditions. Firstly for the CFD simulations, the optimal mesh system was investigated and established to capture the accurate wave length and height on the free surface from the grid convergence tests on the added resistance in both short and long waves. Also as it was expected, it was observed that the resistance and the ship motions in waves in the time domain by CFD oscillate periodically at the encounter period for each test conditions.
Secondly the results of the added resistance and the ship motions in regular head waves using the CFD and 3-D potential methods were compared with the available experiment results and they were found to be in a reasonable agreement except for the heave motions which were overestimated by 3-D potential method around the resonance period (1.0<l/L < 1.4) and in long waves (l/ L > 2) due to the AFS formulation. The heave motions were slightly underestimated by the CFD method for the range of wave lengths (l/L) from 1 to 1.4 because of the adoption of the non-inertial reference frame. These differences around the resonant period will be investigated in future studies. Thirdly the time histories of total resistance and ship vertical motions in short (l/L ¼ 0.5) and long (l/L ¼ 1.2) wave conditions over an encounter period were investigated and compared. Moreover, the influence of the pressure components in the to the total added resistance is investigated using 3-D potential flow method at the vessel design speed for the l/L ¼ 0.5 and 1.2 conditions. It was observed that the relative wave height and the water velocity terms of the added resistance forces for the short wave simulation is observed to be quarter and half of the estimated long wave simulation results respectively. In short wave simulations, the pressure gradient and rotation times inertia terms are small compared to the long wave simulations. Also, wave patterns in short and long wave conditions were presented for absolute maximum and minimum values of the added resistance. The water on deck occurrence and the bow immersion was successfully captured in long wave conditions by the current CFD model while in short waves it is observed that the diffracted waves were predominantly generated near the ship.
Finally, the non-linearity of the added resistance and the ship vertical motions were investigated with the varying wave steepness for short (l/L ¼ 0.5) and long (l/L ¼ 1.2) wave conditions. It was observed that in long waves the vertical motions, especially the non-dimensional heave motions, decrease non-linearly with the increase in wave steepness while the increase of the added resistance obtained from both the CFD and the 3-D potential methods were observed to be approximately proportional to the square of the wave height. The results of the added resistance using the CFD estimated slightly lower values than those using the 3-D potential method and the added resistance coefficient decreased with the increase in wave steepness. This is due to the increase in the nonlinearity as wave steepness increases, which is well captured by the current CFD model. In short waves the vertical ship motions obtained the CFD and the 3-D potential flow methods stayed almost constant with the increase in wave steepness and the increase of the added resistance using CFD in short waves is related quadratically to the wave height whereas the motion amplitudes were much smaller than those in long waves, which means that ship motions are almost negligible in short waves. It is emphasised that the non-linearity of the added resistance and ship motions around the resonance period is larger than in short waves. grant no. EP/K039253/1).
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